Background: 8-OxoG is a major oxidative lesion in DNA and is associated with cancer. Results: Kinetic and mass spectrometric studies demonstrate that human polymerase bypasses 8-oxoG in a largely error-free manner. Conclusion: Arginine 61 from the finger domain plays a key role in error-free bypass at the insertion stage. Significance: In addition to photo-adducts and cisplatinated DNA, polymerase might also be involved in accurate bypass of 8-oxoG in vivo.
copying fidelity on undamaged DNA than high fidelity pols. However, we observed that the pol homolog Dpo4 from Sulfolobus solfataricus bypasses 8-oxoG with high fidelity (19:1 ratio of dCTP:dATP incorporation opposite 8-oxoG) and efficiency (pre-steady-state kinetics revealed faster rates of dCTP incorporation opposite 8-oxoG than G) (30) that could be attributed to a significant extent to Arg-332 from the LF domain (31) . By comparison, we established that human pol (hpol ) bypasses 8-oxoG in an error-prone fashion, with dATP rather than dCTP preferentially incorporated opposite the lesion (32) . Its proclivity to insert A opposite 8-oxoG resembles the action of replicative polymerases (33, 34) .
Among the eukaryotic TLS pols, pol is considered to play an important role in 8-oxoG bypass, although initial assays using human large-cell carcinoma cell line H1299 and xeroderma pigmentosum variant (defective in pol ) cells showed that the nucleotide inserted opposite 8-oxoG was the correct C at frequencies of 81 and 77%, respectively (35) . However, mutation frequencies were increased in mammalian GM637 and in xeroderma pigmentosum variant cells in the presence of siRNA targeting pol (36) . Interestingly, in the same system knockdown of MMR glycosylase OGG 1 also triggered an increase in mutagenesis, providing support for the hypothesis that both the MMR and TLS systems combat mutagenic damage due to 8-oxoG. Overlaps between MMR and TLS were confirmed by a recent in vivo study in yeast. The A residues opposite 8-oxoG were removed by MMR, subsequently triggering re-replication and, in the absence of MMR, by pol TLS, with an accuracy of insertion of dCTP opposite 8-oxoG of 94% (37) .
Other investigators using yeast-based assays and/or the enzyme from yeast observed accurate and efficient bypass of 8-oxoG by pol (38) , whereby C, A, or G was incorporated opposite 8-oxoG with a relative efficiency of 100:56:14 (39) . Moreover, pol binds dCTP opposite both G and 8-oxoG with similar affinities and inserts the correct nucleotide opposite both G and 8-oxoG with similar rates (40) . Structural data for the complexes between yeast pol with 8-oxoG:C (bound at the insertion and extension stages) were in line with the relatively accurate bypass of 8-oxoG by this enzyme but allowed no comparison with insertion of dATP opposite 8-oxoG or extension from 8-oxoG:A (41) . An investigation entailing six human B-, X-, and Y-family pols established that (relative to dATP) correct incorporation of dCTP opposite 8-oxoG in the presence of the proliferating cell nuclear antigen and replication protein A auxiliary proteins is 1,200-and 68-fold more efficient for pol and pol , respectively (42) . An important role of pol in combination with pol ␦ for bypass of 8-oxoG was also established in vitro using mouse embryonic fibroblasts and HeLa cells (43) .
The somewhat inconsistent observations regarding the accuracy of 8-oxoG bypass catalyzed by pol in cells are mirrored by the results from in vitro primer extension experiments probing its ability to correctly insert dCTP instead of dATP. Yung et al. (44) tested the bypass of 8-oxoG by human pol (hpol ) in vitro in four different sequence contexts and found that the identity of the nucleotide 5Ј-adjacent to 8-oxoG had a significant effect on the incorporation efficiency and accuracy. Thus, for the sequences 5Ј-oligo-CGX, -CCX, -CAX, and -CTX (X ϭ 8-oxoG), the dC:dA ratio varied between 1.1 and 2.9 (lowest for CAX and highest for CCX). However, the efficiency was lowest for the CCX and highest for the CAX oligonucleotide. Conversely, the dC:dG ratio was lowest for the CAX (2.0) and highest for the CGX oligonucleotide (7.7). Using a 30-mer oligonucleotide with a single 8-oxoG for in vitro bypass, Zhang et al. (45) observed relatively error-prone insertion opposite 8-oxoG by hpol (dC:dA Ϸ1:1 based on V max /K m ) as well as similar efficiencies for extension from either 8-oxoG:C or 8-oxoG:A (5:3). Using oligonucleotides corresponding to a region of the human c-Ha-ras gene and containing either one or two 8-oxoG residues, Jaloszynski et al. (46) found that the ratios between the efficiencies (k cat /K m ) of dC and dA incorporation opposite the adduct varied between 8.5 and 2.4 (C Ͼ A). The lower ratio is similar to the results obtained by McCulloch et al. (47) , who reported that the pol enzymes from mouse and human show error rates for in vitro bypass of 8-oxoG that approach 50%, in line with the data by others that support similar efficiencies for insertion of either dC or dA opposite 8-oxoG as well as for the extension of the resulting pairs by the human enzyme (42, 45) . Clearly, these results are inconsistent with the error-free bypass of 8-oxoG by pol . Thus, the enzyme appears (based on this literature) to have inherently less fidelity than Dpo4, which synthesizes past the lesion with high accuracy and efficiency.
pol displays an unmatched ability to replicate past UVinduced cyclic pyrimidine dimers (48) , and a deficiency in the polymerase is the basis for a variant form of the human syndrome xeroderma pigmentosum, characterized by a highly elevated occurrence of skin malignancies (49, 50) . pol also facilitates TLS past cancer drug adducts such as cisplatin (51) and thus lowers the cellular sensitivity to treatment. Structural studies on hpol have focused on complexes of the catalytic core with DNA template-primer constructs containing cis-syn cyclobutane thymine dimers and have disclosed how the polymerase accommodates two nucleotides at the active site (52) . Elegant work by Yang and co-workers (53) has provided insight into the step-by-step mechanism of pol bypass and phosphodiester bond formation. Crystal structures of the enzymes from yeast (54) and human (55) , in complex with cisplatin-modified DNA, have also provided a better understanding of the correct insertion of dCTP opposite the distorted cross-linked G dimer and the efficient extension after the lesion. No structures of hpol in complex with DNA containing the 8-oxoG adduct have been reported to date.
To evaluate the efficiency and accuracy of in vitro bypass of 8-oxoG by hpol , we carried out a comprehensive analysis of the bypass activity of the catalytic core of the enzyme, including steady-state and pre-steady-state kinetics of primer extension opposite and beyond 8-oxoG and LC-MS/MS assays of fulllength extension products. To gain a better understanding of the mechanism of 8-oxoG bypass by hpol , we determined crystal structures of the native hpol complex (G:dCTP; reference structure), three insertion-stage complexes with 8-oxoG paired to dCTP, dATP, or dGTP, and two complexes capturing the extension steps following 8-oxoG:C or 8-oxoG:A. Our analysis demonstrates that hpol inserts almost exclusively dCTP opposite template 8-oxoG, with Arg-61 from the finger domain playing a crucial role in the discrimination against dATP, and that the polymerase achieves error-free bypass of the 8-oxoG lesion at the insertion stage. unlabeled dNTPs were obtained from Amersham Biosciences, and [␥- 32 P]ATP was purchased from PerkinElmer Life Sciences. All nonhydrolyzable dNMPNPPs were obtained from Jena Bioscience (Jena, Germany). All oligonucleotides used in this work were synthesized by Midland Certified Reagent Co. (Midland, TX), TriLink Biotechnologies (San Diego), or Integrated DNA Technologies (Coralville, IA), and in some cases they were purified using HPLC by the manufacturer, with analysis by matrix-assisted laser desorption time-offlight MS.
EXPERIMENTAL PROCEDURES

Materials-All
hpol Catalytic Core Protein Expression and PurificationThe hpol plasmid (pET28a) comprising residues 1-432 was a generous gift from Dr. Wei Yang, NIDDK, National Institutes of Health. The polymerase was expressed in Escherichia coli and purified as described previously (52) . The protein solution was concentrated to 5 mg/ml.
Steady-state Kinetics-Steady-state incubation typically included 2.5-10 nM hpol , 5 M template-primer oligonucleotide mixture as substrate (the primer was 5Ј-6-carboxyfluorescein-labeled, and template-primer duplexes (1:1 molar ratio) were pre-annealed by heating and slow cooling), 40 mM TrisHCl buffer (pH 7.5), 100 mM KCl, 5 mM MgCl 2 , 10 mM DTT, 5% glycerol (v/v), 100 g/ml bovine serum albumin (BSA), and varying concentrations of a single dNTP (added last to start the reaction). The incubation temperature was 37°C, and reactions were typically run for 5 min (or less to keep product formation Ͻ20% of the oligonucleotide substrate concentration). Reactions were quenched by the addition of a quench reagent containing formamide, EDTA, bromphenol blue, and xylene cyanol (56) , and aliquots were applied to an 18% (w/v) acrylamide, 7.5 M urea gel and separated by electrophoresis. Fluorescence in the substrate and product primer bands was scanned using a Typhoon system (GE Healthcare) and quantified by ImageJ (National Institutes of Health), and the data were fit to hyperbolic plots (Michaelis-Menten equation) using the program GraphPad Prism (GraphPad, La Jolla, CA).
Pre-steady-state Kinetics-A KinTek RP-3 instrument was used, utilizing general procedures described previously (56) . In a typical experiment, 50 nM hpol was incubated with 500 nM oligonucleotide (5Ј-32 P-primer/unlabeled template) and rapidly mixed with 0.5 mM dNTP in the same buffer system used in the steady-state kinetic studies (see above), incubated for varying lengths of time (10 ms to 5 s), and quenched by the addition of 0.5 mM EDTA (from the quench line). Radioactivity in the substrate and product primer bands was quantified using a phosphorimager system (Bio-Rad), and the data were fit with the log-linear relationship y ϭ Ae kpt ϩ k ss , where k p is the first-order rate for the first catalytic cycle; k ss is the steady-state rate, and A is the extent of the product burst (GraphPad Prism).
LC-MS/MS Analysis of Full-length Extension
Products-Six different template-primer complexes were used, based upon literature precedents for work with hpol and 8-oxoG (X) as follows: 5Ј-TCGTAAGCGTCUT-3Ј and 3Ј-AGCATTCG-CAGTAXTACT-5Ј (this work); 5Ј-CGGCCTCCGGAUC-3Ј and 3Ј-GCCGGAGGCCTAGXACGT-5Ј (45); 5Ј-TTGCCCA-CACCUC-3Ј and 3Ј-AACGGGTGTGGCGXCCGC-5Ј (46); 5Ј-GCCATGGCCCAUT-3Ј and 3Ј-CGGTACCGGGTTAXC-CTT-5Ј (47); 5Ј-TGCCGAATTCAUA-3Ј and 3Ј-ACGGCT-TAAGTGTXGCAG-5Ј (42); and 5Ј-GCCCAGGGTTTUC-3Ј and 3Ј-CGGGTCCCAAAAGXGTCA-5Ј (35) . In all cases, uracil (U) was included in the primer to facilitate cleavage of the product to a shorter form that could be analyzed (following cleavage with uracil DNA glycosylase and then hot piperidine) in an ion-trap mass spectrometer (57) (58) (59) . hpol (1.6 nmol) was reacted with each (5Ј-5/6-carboxyfluorescein-labeled) template-primer complex (2 nmol) and a mixture of 1 mM each of dATP, dCTP, dGTP, and dTTP at 37°C for 4 h in 50 mM Tris-HCl buffer (pH 7.5). The reactions were terminated by spin column separations to extract dNTPs and Mg 2ϩ . The extent of the reaction was checked by electrophoresis/fluorography prior to LC-MS analysis. The resulting product was treated with 25 units of uracil DNA glycosylase and 0.25 M piperidine following a previous protocol (57) (58) (59) . To identify the products, the resulting reactions were analyzed by LC-MS/MS using an Acquity UPLC system (Waters) interfaced to a Thermo-Finnigan LTQ mass spectrometer (Thermo Scientific, San Jose, CA) equipped with a negative ion electrospray source. Chromatographic separation was achieved with the Acquity UPLC BEH octadecylsilane (C 18 ) column (1.0 ϫ 100 mm, 1.7 m). The LC conditions were as follows: mobile phase A, 10 mM NH 4 The temperature of the column was maintained at 50°C. MS conditions were as follows: source voltage, 4 kV; source current 100 A; capillary voltage, Ϫ49 V; capillary temperature, 350°C; tube lens voltage, Ϫ90 V. Product ion spectra were acquired over the range m/z 300 -2,000, and the most abundant species (Ϫ2 charge) was used for collision-induced dissociation (CID) analysis. The most abundant species (Ϫ2 or Ϫ3 charged) were used for CID analysis; calculation of the CID fragmentation of the oligonucleotide sequence was done using a program linked to the Mass Spectrometry Group of Medicinal Chemistry at the University of Utah; the Mongo Oligo Mass Calculator (version 2.6) from the University of Utah was used to calculate the theoretical CID spectra of the candidate oligonucleotide sequences. The relative yields of various products were calculated based on the peak areas of extracted ion chromatograms from LC-MS analyses. The sum of the peak areas was used for multicharged species.
Crystallizations-Primer and template sequences used in the crystallization experiments are listed in Table 6 . 8-OxoG-modified DNA templates were purchased from TriLink (San Diego), and unmodified 8-mer primers were obtained from Integrated DNA Technologies (Coralville, IA). Template and primer strands were mixed in a 1:1 molar ratio and were annealed in the presence of 10 mM sodium HEPES buffer (pH 8.0), 0.1 mM EDTA, and 50 mM NaCl by heating for 10 min at 85°C followed by slow cooling to room temperature. For crystallization, the DNA duplex was mixed with the protein in a 1.2:1 molar ratio in the presence of excess 50 mM Tris-HCl buffer (pH 7.5) containing 450 mM KCl and 3 mM DTT. After adding 5 l of 100 mM MgCl 2 , the complex was concentrated to a final concentration of ϳ2-3 mg/ml by ultrafiltration. Nonhydrolyzable nucleotide triphosphates were added last to form ternary complexes. Crystallization experiments were performed by the hanging drop vapor diffusion technique at 18°C using a sparse matrix screen (Hampton Research, Aliso Viejo, CA) (60) . One l of the complex solution was mixed with 1 l of reservoir solution and equilibrated against 500-l reservoir wells. Crystals appeared in droplets containing 0.1 M MES (pH 5.5) buffer containing 5 mM MgCl 2 and 15-17% (w/v) PEG 2000 MME within 1 day and grew to maximum size within a week.
X-ray Diffraction Data Collection, Structure Determination, and Refinement-Crystals were mounted in nylon loops, cryoprotected in reservoir solution containing 25% glycerol (v/v), and frozen in liquid nitrogen. Diffraction data were collected either on the 21-ID-D or the 21-ID-F beamline of the Life Sciences Collaborative Access Team at the Advanced Photon Source, Argonne National Laboratory (Argonne, IL). Data were integrated and scaled with the program HKL2000 (61). The structures were determined by the molecular replacement technique using the program MOLREP (62, 63) and the hpol structure with Protein Data Bank code 4ECQ (protein alone) as the search model. Structure refinement and model building were carried out with PHENIX (64) and COOT (65), respectively. Illustrations were generated with the program UCSF Chimera (66) .
RESULTS
Kinetics of Incorporation of dCTP and dATP Opposite Template G and 8-OxoG by hpol
-For all kinetic and structural assays, we used the catalytic core construct of hpol that includes amino acids 1-432 (52). In the steady-state kinetic analysis, hpol preferably inserted dCTP opposite G with Ͼ99% fidelity, relative to dATP ( Fig. 1 and Table 1 ). In the case of template 8-oxoG, dCTP was inserted 3.5-fold more efficiently than dATP. The catalytic efficiency of dCTP insertion opposite 8-oxoG was thus significantly higher than dATP insertion (k cat /K m 0.52 versus 0.15 M Ϫ1 s Ϫ1 , Table 1 ). By comparison, the efficiency of insertion of dGTP opposite 8-oxoG was drastically lower but clearly elevated (ϳ16-fold) relative to insertion of dGTP opposite template G ( Table 1) .
The enhanced ability of hpol to incorporate dCTP opposite template 8-oxoG (relative to G) was also observed in presteady-state kinetic experiments ( Fig. 2 and Table 2 ). Bursts were seen for incorporation of dCTP opposite G or 8-oxoG, but this was not the case for insertion of dATP opposite 8-oxoG Table 1 for k cat and K m values (estimated using fit to a hyperbolic equations in Prism, GraphPad, San Diego).
TABLE 1
Steady-state kinetics of incorporation of dCTP, dATP, and dGTP opposite G and 8-oxoG by hpol 
(the dATP analysis was not done with template G). The presteady-state rates of incorporation were faster for dCTP incorporation opposite G than 8-oxoG (Ͼ70 versus 12 s Ϫ1 ). These rates are similar to that measured for full-length hpol with a different sequence (30 s Ϫ1 ) (67) . In the case of incorporation opposite G, the burst amplitude was only ϳ50% of the concentration of hpol ( Fig. 2 and Table 2 ). With 8-oxoG in the template, the dCTP incorporation burst was ϳ17% the amount of hpol ( Fig. 2 and Table 2) .
A higher efficiency of incorporation of dCTP opposite 8-oxoG (than G) was previously observed with S. solfataricus Dpo4 (30), but the opposite pattern was seen here, despite the tendency to insert dCTP in both cases. The substoichiometric bursts and the difference in burst amplitudes could be attributed to possible higher affinity of the G-containing oligonucleotide for hpol (relative the 8-oxoG-containing oligonucleotide); an alternative explanation is that hpol -oligonucleotide complexes have alternative nonproductive conformations and that these are favored with 8-oxoG. However, we do not have any further evidence to support this explanation at this point.
LC-MS/MS Analysis of Full-length Extension Products
Produced by hpol -Analysis of single insertions by a DNA polymerase is useful but may not reflect incorporation events at further sites, i.e. extension. We applied an LC-MS/MS approach developed in this laboratory to analyze the identity of individual extended primer sequences in more detail (57) (58) (59) . In addition to the oligonucleotide that was utilized in the kinetic and crystallography experiments reported here, we included five sequences that had been assessed with hpol and 8-oxoG in the literature and for which varying misincorporation results were reported by other authors (in various types of other assays) (Figs. 3 and 4 and Tables 3, 4 , and summarized in Table 5 ) (35, 42, (45) (46) (47) . The MS-based analysis revealed that A incorporation occurs at levels that range from Ͻ1 to 20% (Table 5 ). The highest level was seen with template 5Ј-AXG-3Ј (only three nucleotides shown; X ϭ 8-oxoG) (20% A), followed by 5Ј-GXT-3Ј (17% A), 5Ј-CXG-3Ј (10% A), 5Ј-CXA-3Ј (3% A), 5Ј-GXG-3Ј (Ͻ1% A), and 5Ј-TXA-3Ј (Ͻ1% A; this work). In all cases hpol continued to replicate the template strand in an error-free manner after inserting either C or A opposite 8-oxoG. Thus, extension of an A:8-oxoG pair is not associated with subsequent mismatch pairs or frameshifts.
X-ray Crystallography of Ternary hpol -DNA-dNTP Insertion-step Complexes-To gain insight into the active site properties of hpol underlying its mostly error-free bypass of 8-oxoG, we studied the crystal structures of three complexes between the polymerase and the dodecamer template 5Ј-d(CAT Fig. 1 were used (500 nM) with 50 nM hpol , with the same buffer system (37°C) and 0.5 mM dCTP or dATP, for the indicated times, and quenched by the addition of 500 mM EDTA. Products were analyzed by PAGE and phosphorimaging. Data points are shown as means of duplicate incubations and were fit to the equation y ϭ Ae kpt ϩ k ss , where k p is the first-order rate for the first catalytic cycle; k ss is the steady-state rate, and A is the extent of the product burst (GraphPad Prism). The estimate is made because the t1 ⁄ 2 of the reaction was Յ10 ms, the effective dead time in the instrument under the operating conditions used here. c The data did not fit well to a burst equation (Fig. 2D ).
(8-oxoG)AT GAC GCT)-3Ј paired to primer 5Ј-d(AGC GTC AT)-3Ј and dCMPNPP, dAMPNPP, or dGMPNPP opposite 8-oxoG (Ci, Ai, and Gi complexes, respectively; i indicates insertion). For a full list of oligonucleotide constructs used, please see Table 6 . To prevent the primer from being extended during crystallization in the presence of Mg 2ϩ , we used dNMPNPP analogs instead of dNTPs. The crystal structure of the complex with the same template-primer duplex and incoming dCMPNPP opposite native G served as the reference (Cn complex; n indicates native). The crystal structures of the Cn, Ci, Ai, and Gi complexes were all determined at resolutions of between 1.5 and 1.8 Å (Table 7) . In the structures, all residues of the catalytic core of hpol were visible in the electron density with very few exceptions ( Table 7) . The 5Ј-terminal C and A nucleotides in the template strand are disordered in the structures, and the T adjacent to the lesion exhibits high conformational flexibility. Examples of the quality of the final electron density and views of the active sites are depicted in Fig. 5. The structure of the G:dCMPNPP pair at the active site of the Cn complex reveals the expected Watson-Crick geometry (Fig.  6A) . A very similar configuration of the active site is seen in the Ci complex with template 8-oxoG opposite incoming dCMPNPP, with the nucleoside lesion in the anti conformation and thus establishing three H-bonds with cytosine (Fig. 6B) . In both cases, amino acids from the hpol finger domain engage in contacts to the nascent base pair. On the template side, Gln-38 N⑀ donates in an H-bond to N3 of 8-oxoG (or G in the native template) from the minor groove side. On the primer side, the side chain of Arg-61 adopts a coiled conformation and stacks on top of the base of the incoming nucleotide (Fig. 6B,  right) . In addition to the stacking interaction, Arg N forms an H-bond to the ␤-phosphate group of dCMPNPP. The distances Table 3 for full list of products and respective m/z assignments. Table 4 for full list of products and respective m/z assignments. between O3Ј from the 3Ј-terminal T of the primer and P␣ of the incoming nucleotide triphosphate in the Cn and Ci complexes are 3.27 and 3.24 Å, respectively. The angle (pT)O3Ј⅐⅐⅐P␣-N(P␤) between nucleophile and scissile bond in the Cn complex was 177.9°, and in the Ci complex the corresponding angle was 176.8°.
Opposite both incoming dAMPNPP in the Ai complex and dGMPNPP in the Gi complex, 8-oxoG is in the syn conformation and thus presents its Hoogsteen edge to the nucleotide triphosphates. Gln-38 N⑀ now donates in an H-bond to O8 of 8-oxoG that is pointing into the minor groove. The 8-oxoG: dAMPNPP pair is stabilized by H-bonds between N6(H) 2 (A) and O6 (8-oxoG) and between N1 (A) and N7(H) (8-oxoG) (Fig.  6C) . Arg-61 has shifted its position relative to the active sites in the Cn and Ci complexes, and there is no overlap between its side chain and adenine consistent with stacking (Fig. 6C, right) . However, Arg N still forms an H-bond with the ␤-phosphate of dAMPNPP. Compared with the Ci complex, the distance between O3Ј from the 3-terminal T of the primer and P␣ of dAMPNPP is slightly shorter (3.13 Å). The (pT)O3Ј⅐⅐⅐P␣-N(P␤) angle was 176.0°.
In the active site harboring 8-oxoG:dGMPNPP, the side chain of Arg-61 no longer adopts the coiled conformation seen in the structures with dAMPNPP and dCMPNPP opposite the adduct. Instead, the side chain adopts a more or less extended conformation, thus allowing the N groups of the guanidino moiety to establish H-bonds to O6 of both 8-oxoG and dGMPNPP in the major groove (Fig. 6D ). The latter interaction is possible because the base of the incoming nucleotide has been pushed into the minor groove relative to both the structures with incoming dCMPNPP or with incoming dAMPNPP (Fig. 7) . As a result, one of the two H-bonds established between 8-oxoG and dGMPNPP involves the 8-oxygen of the former (Fig. 4D ), whereas this oxygen is not involved in an H-bond in the 8-oxoG:dAMPNPP pair (Fig. 6C) . Along with this movement of the incoming nucleotide, the 3Ј-terminal T of the primer has also changed its orientation relative to the structures of the Cn, Ci, and Ai complexes (Figs. 6D, and 7) . The distance between O3Ј (T) and P␣ is considerably longer (3.71 Å), and the 3Ј-hydroxyl group is no longer positioned more or less in line with the scissile P-O bond as in the other complexes, but rather it assumes an adjacent orientation (angle 89.5°; Fig.  6D ).
X-ray Crystallography of Ternary hpol -DNA-dNTP Extension-step Complexes-To visualize the active site geometries and relative orientations of incoming nucleotide triphosphate and DNA primer at the extension stage, following insertion of either dCTP or dATP opposite 8-oxoG, we determined two additional hpol crystal structures. The structures of the ternary complexes between the polymerase, the template-primer duplex 5Ј-d(CAT G(8-oxoG)T GAC GCT)-3Ј:5Ј-d(AGC GTC AX)-3Ј (X ϭ dC or dA), and dCMPNPP were determined at 1.72 and 1.62 Å resolution, respectively. Selected crystal data and refinement parameters for these Ce (extension of 8-oxoG:C pair) and Ae (extension of 8-oxoG:A) complex structures are given in Table 7 . Illustrations of the active site configurations in the complexes and the quality of the final electron density are depicted in Fig. 5 , E (Ce complex) and F (Ae complex). In the Ce complex, the nascent dG:dCMPNPP pair stacks on top of anti 8-oxoG:dC, and in the Ae complex the same nascent pair stacks on top of syn 8-oxoG:dA. The orientation of Arg-61 from the finger domain relative to the base plane of the incoming nucleotide is very similar to that observed in the structure of the Cn and Ci complexes. Thus, the curled conformation of the arginine side chain results in extensive overlap with the cytosine. On the side of the template strand, Gln-38 contacts the N3 atom of G in the minor groove, but it is too short to reach down to 8-oxoG at the Ϫ1 position either in the anti conformation opposite dC or in the syn conformation opposite dA (Fig. 8) .
The superimposition of the two complexes reveals closely sim- 
TABLE 7
Crystal data, data collection parameters and structure refinement statistics 
Kinetics, Structure, and Mechanism of 8-OxoG Bypass by hpol
ilar active site geometries relative to orientations between the 3-terminal residue of the primer and the incoming dCMPNPP and positions of Mg 2ϩ ions (Fig. 6C) . The distance between O3Ј (T) and P␣ in the Ce complex amounts to 3.38 Å, and the corresponding distance in the Ae complex is 3.35 Å. Together, these structures demonstrate convincingly that, unlike during the insertion steps, once hpol has incorporated either dC or dA opposite the 8-oxoG adduct, the different pairing modes of the resulting 8-oxoG:C and 8-oxoG:A pairs are of little consequence for the relative orientations of primer strand and the next incoming nucleotide.
DISCUSSION
Although 8-oxoG is the most common oxidative damage product in DNA and pol is considered important for TLS past the adduct, the human enzyme has hitherto not been subjected to a detailed kinetic (i.e. pre-steady-state level) and three-dimensional structural investigation in the context of 8-oxoG bypass. Our analysis addresses this void and provides a complete kinetic and structural framework for hpol bypass of this major oxidative damage product. The steady-state results indicate a somewhat lower efficiency (k cat /K m ) of dCTP incorporation opposite 8-oxoG relative to the corresponding process opposite G (ϳ30%). The efficiency of dATP incorporation opposite 8-oxoG is increased 136-fold relative to dATP:G, a difference that translates into a 280-fold change in the frequency of insertion in favor of dATP:8-oxoG. A further finding of the steady-state kinetic study is that hpol has an increased tendency to insert dGTP opposite 8-oxoG relative to template G (8-fold at the level of efficiency k cat /K m ), although both processes are negligible compared with both dCTP and dATP insertion (the frequency of dGTP:8-oxoG insertion is reduced 10-fold compared with dATP:8-oxoG). The steady-state results support the notion that hpol bypasses 8-oxoG efficiently and with limited error. The presteady-state results confirm this conclusion in that the insertions of dCTP opposite both G and 8-oxoG exhibit burst phases with the burst amplitude and burst rate (k p ) being in favor of insertion opposite G. By comparison, the insertion of dATP opposite 8-oxoG did not display a true burst, and the apparent rate was reduced (Fig. 2D) . These data are consistent with a clear kinetic advantage of dCTP incorporation opposite 8-oxoG over dATP by hpol . Table 6 for DNA sequences) is drawn at the 1 threshold. The two depicted polymerase side chains are from Gln-38 (top left in panels) and Arg-61 (top right in panels), and Mg 2ϩ ions are light green spheres.
Kinetics, Structure, and Mechanism of 8-OxoG Bypass by hpol
The results of the kinetic analysis here can be compared with those obtained previously from the kinetics of 8-oxoG bypass catalyzed by the pol Dpo4 from S. solfataricus (30) . Dpo4 was found to exhibit a favorable efficiency of dCTP incorporation opposite 8-oxoG relative to dATP:8-oxoG, and the k p value of dCTP incorporation opposite 8-oxoG at the pre-steady-state level was nearly double that of the k p value for dCTP incorporation opposite G (2.3 s Ϫ1 versus 1.3 s Ϫ1 , respectively; both were considerably lower than the values reported here for hpol ). As well, the activation energy for dCTP incorporation opposite the adduct by Dpo4 was considerably lower than that for incorporation of dCTP opposite the native template G (30). These observations support the general view that Dpo4 displays a behavior that is more similar to that of hpol but is clearly distinct from its genetic homolog, hpol . We reported earlier that hpol bypasses 8-oxoG in an error-prone fashion (32) . For example, the k p values of insertions of dATP and dCTP opposite the adduct were 8.2 and 0.4 s Ϫ1 , respectively, and only the former process was consistent with a burst phase. The LC-MS/ MS-based analyses of the full-length extension products of in vitro primer bypass past 8-oxoG carried out for all three polymerases (Table 5 ) (this work and Refs. 30, 32) are also supportive of the similar behaviors of hpol and Dpo4, i.e. nearly errorfree bypass of 8-oxoG and relatively error-prone bypass by hpol FIGURE 6 . Active site conformations and base pairing configurations in hpol -DNA-dNMPNPP insertion-step complexes. Views are into the active sites from the major groove side (panels on the left) and rotated by 90°around the horizontal axis and looking roughly along the normal to the nucleobase plane of the incoming dNMPNPP (panels on the right) for four hpol complexes. The polymerase is shown as a schematic, and the DNA template-primer duplex and selected hpol side chains are shown in stick form (e.g. finger residues Gln-38 and Arg-61; carbon atoms colored in beige). Oxygen, nitrogen, and DNA phosphorus atoms are colored in red, blue, and orange, respectively, and Mg 2ϩ ions are drawn as light green spheres. Hydrogen bonds are dashed lines. A, complex with template G paired to incoming dCMPNPP (reference structure). DNA carbon atoms are green. B, complex with template 8-oxoG paired to dCMPNPP. DNA carbon atoms are light blue except for 8-oxoG carbons that are highlighted in magenta. Arg-61 and the primer 3Ј-terminal T adopt two alternative conformations. C, complex with template 8-oxoG paired to dAMPNPP. DNA carbon atoms are lilac except for 8-oxoG carbons that are highlighted in pink. D, complex with template 8-oxoG paired to dGMPNPP. DNA carbon atoms are brown except for 8-oxoG carbons that are highlighted in purple.
. Dpo4 preferred dCTP over dATP with a ratio of 19:1 (30) , and hpol preferred dATP over dCTP with a ratio of 4:1 (32) . In the work presented here, we found that hpol has an even higher preference for dCTP than Dpo4, i.e. the analysis of fulllength extension products by LC-MS/MS is consistent with Ͻ1-3% incorporation of dATP opposite 8-oxoG in three of the six sequences examined and 10 -20% in the other three.
The mass spectrometric analysis of the extension products (not only of the sequence used for the kinetic and structural studies here but also five further sequences previously investigated by others and featuring different nearest neighbors of 8-oxoG) largely attests to the ability of hpol to bypass 8-oxoG in a largely error-free fashion (Table 5) . Accuracies of bypass varied between basically error-free in this study and two previous investigations relying on different sequences (35, 47) and about 4:1 in favor of dCTP (42, 45) . In the case of the sequence employed in this study for kinetics and x-ray crystallography (first one shown under "Experimental Procedures" and in Table  5 ), the LC-MS/MS analysis of full-length extension products demonstrated convincingly that hpol discriminates against dATP opposite 8-oxoG at both the insertion and extension steps. Thus, no single oligonucleotide product contained a major fraction of A as a consequence of insertion opposite the adduct, supporting the idea that discrimination occurs during both insertion and extension and is consistent with higher fidelity in LC-MS/MS relative to single nucleoside triphosphate insertion assays (Figs. 1 and 2 and Tables 1 and 2 ). The main insights gained from the kinetic and LC-MS/MS results are that dCTP is overwhelmingly preferred over dATP by hpol opposite 8-oxoG and that this bias is kinetically controlled, potentially as a result of an active site configuration that guarantees preferred accommodation of the incoming dCTP.
Although our steady-state kinetic analysis cannot shed light on the relative accuracies of the insertion and extension steps as it was done with individual dNTPs and thus provides information only on the insertion of each (opposite 8-oxoG), the mass spectrometric analysis does. The LC-MS analysis is of the fully extended products, which is a measure of misincorporation opposite the adduct (8-oxoG) and the proclivity to extend various pairs (e.g. 8-oxoG:C, 8-oxoG:A, and 8-oxoG:G). Thus, a polymerase could efficiently insert a base opposite 8-oxoG but be incapable of extension, leading to differences. Apparently that happens with 8-oxoG:A pairing.
In addition to a reference structure (template G:dCMPNPP; Cn), we determined three crystal structures of hpol with dCMPNPP (Ci), dAMPNPP (Ai), or dGMPNPP (Gi) opposite template 8-oxoG. Moreover, the structures of complexes with either 8-oxoG:C (Ce) or 8-oxoG:A (Ae) at the Ϫ1 position were determined at a similar resolution. The two latter complexes display nearly identical active site configurations (Fig. 8C) , thereby corroborating the earlier observations and conclusions from kinetics and the LC-MS/MS analysis. Thus, the structural data indicate that the polymerase may extend equally well from either 8-oxoG:C or 8-oxoG:A. Therefore, the absence of A revealed by the mass spectrometric dissection of the full-length extension products needs to be attributed to a less favorable interaction with dATP relative to dCTP during the insertion step of 8-oxoG TLS. The insertion-step structures show that the nascent base pair is probed by two amino acids from the finger domain, Gln-38 and Arg-61 (Fig. 6 ). Both were identified as conserved residues unique to pol (28) and were found to play important roles in the bypass by the polymerase of cyclic pyrimidine dimer (52) and cisplatinated DNA (55) . However, as far as bypass of 8-oxoG by hpol is concerned, Gln-38 is not likely to influence accuracy in a decisive manner. This is because the finger residue can interact either with N3 of 8-oxoG in the anti conformation and thus be ready to receive dCTP or O8 of the adducted nucleoside in the syn conformation, giving rise to dATP incorporation. Therefore, hpol does not maintain accuracy of bypass by way of suppressing the tendency of the 8-oxoG nucleoside to adopt the syn conformation. Rather it appears to fall to Arg-61 to facilitate accommodation of dCTP in the active site and thus endow it with a kinetic advantage over dATP insertion. Geometric considerations, i.e. the position of O3Ј from the incoming dNTP relative to the P␣ phosphate group, are not suggestive of the preference for dCTP being the result of a faster chemical step compared with dATP. However, comparison between the active sites in the structures of the Ci and Ai complexes brings to light a more optimal interaction between Arg-61 and the cytosine base, involving both the aliphatic portion of the arginine side chain as well as the guanidino moiety (Figs. 7 and 9) . Thus, Arg-61 could direct dCTP more optimally into the active site, stabilize its orientation opposite the adduct, and enhance the residence time. Suarez et al. (68) , using a bacterial forward mutagenesis assay with a 1-511 hpol R61A construct, found that this mutation has only a limited effect on the bypass efficiency. However, in preliminary site-directed mutagenesis work, we observed that the mutation R61K significantly decreased the fidelity, i.e. f(dATP/dCTP catalytic selectivity ratio, Table 1 ) increased from 0.28 to 0.74. Further studies are planned with more mutants.
Contrary to dCTP and dATP, which exhibit only moderately different orientations relative to the primer and alternative Arg-61 side chain rotamers, dGTP is significantly shifted and therefore in a considerably more unfavorable position for the 3Ј-OH nucleophile to carry out its attack on the ␣-phosphate Bank code 1MNN) . B, human pol in complex with 8-oxoG adducted template-primer duplex (Gi complex, this work). Carbon atoms of the arginine side chain and the thymine are highlighted in yellow and are labeled along with dG (Ndt80) and dGTP (hpol ) and terminal residues; hydrogen bonds are solid lines in black and the guanidino-thymine cation-stacking interaction is indicated with a thin dashed line in magenta. Rather than Arg interacting with the major groove edge of dG that is seen in virtually all structures of DNA-protein complexes, the illustrations convey the particular sequence context and the cation-stacking interaction in the hpol complex that are reminiscent of the recognition of 5Ј-TGTG by tandem arginines by Ndt80 (only one Arg shown in A). Differences of course are that in the pol complex, dG(TP) and T are not covalently bound and that Arg-61 protrudes from the finger domain above, rather than being inserted into the major groove more or less within the guanine plane as in the Ndt80 complex. But just like in the Ndt80-DNA complex, Arg-61 from hpol pulls out T from the stack, with the consequence that the 3Ј-hydroxyl group of T is further removed from the ␣-phosphate of dGTP than in the complexes with dCTP or dATP. In the case of the Ndt80 complex, this particular interaction provides a means of indirect readout; the interaction in the pol complex is detrimental to activity and explains the low efficiency of dGTP incorporation opposite 8-oxoG (and probably also opposite G). group (Figs. 7 and 9 ). The cation-interaction between Arg-61, now in an extended conformation, and the 3Ј-T of the primer is reminiscent of the arrangement of arginine pulling T from under the adjacent G in the DNA major groove of the complex with the yeast sporulation regulator Ndt80 (Fig. 10) (69) . A similar displacement of the terminal primer base was also seen in the structure of hpol with a T:dGTP mismatch at the active site (70) . These observations underscore the versatile nature of the roles played by the arginine residue in bypass catalysis by hpol , involving H-bonding, electrostatics, and/or stacking.
Although both hpol and S. solfataricus Dpo4 are capable of bypassing 8-oxoG efficiently and accurately, they rely on entirely different strategies to avoid misincorporation of dATP and subsequent transversion mutation. Unlike pol , which does not recruit a residue from the LF domain to support accurate 8-oxoG bypass, Dpo4 uses LF residue Arg-332 to prevent 8-oxoG at the 0 (insertion) and Ϫ1 (extension) locations from adopting the preferred syn conformation by establishing an H-bond between the Arg-332 guanidino moiety and the O8 atom of 8-oxoG (Fig. 11) . Therefore, it appears that either interacting with the template strand and the adduct itself or exerting influence on the choice of the incoming nucleotide triphosphate can be successfully used by Y-family pols to catalyze accurate TLS. Both pol and Dpo4 are likely the polymerases of choice for warding off the negative consequences of oxidative damage in the respective organisms. Conversely, hpol bypasses 8-oxoG in an error-prone fashion (32) . Like hpol , hpol uses a residue from the finger domain to interact with the nascent base pair (Fig. 11) . However, the particular arrangement between Met-135 and template 8-oxoG favors the syn conformation of the adducted nucleoside (32, 71) . In eukaryotic organisms, the recruitment of pol for bypassing the 8-oxoG adduct is deleterious.
